Modern mass spectrometry (MS)-based approaches are capable of identifying and quantifying thousands of proteins and phosphorylation events in a single biological experiment. Here we present a (phospho)proteomic workflow based on in-solution proteome digestion of samples labeled by stable isotope labeling by amino acids in cell culture (SILAC) and phosphopeptide enrichment using strong cation exchange (SCX) and TiO 2 chromatographies. These procedures are followed by high-accuracy MS measurement on an Orbitrap mass spectrometer and subsequent bioinformatic processing using MaxQuant software.
HPLC solvent A <R> HPLC solvent B <R> Lysyl endopeptidase LysC Protein samples from Protocol: Construction, Growth, and Harvesting of Fission Yeast Stable Isotope Labeling by Amino Acids in Cell Culture (SILAC) Strains (Koch et al. 2016) This protocol is optimized for protein amounts between 2 and 10 mg. We recommend using at least 5 mg of protein to achieve good coverage of the phosphoproteome. For
Reduction buffer (with DTT
Step 26, prepare one C8 microcolumn ("stage-tip") for each sample by placing an 1-mm 2 piece of Empore C8 material into a 200-µL (yellow) pipette tip as described previously (Rappsilber et al. 2007 ). C8 microcolumns can also be commercially obtained (Thermo Fisher Scientific SP301).
Empore C-18 extraction disk (3M 98060402173) For Step 32, prepare one C18 microcolumn for each sample as described for C8 microcolumns above, but using Empore C18 material.
Fast protein liquid chromatography (FPLC) system and Orbitrap mass spectrometer
This protocol has been performed using an Easy-nLC II system connected to an LTQ Orbitrap Elite (Thermo Fisher Scientific) using a nano-electrospray source; however, any nanoflow liquid chromatography system connected to a high-resolution mass spectrometer can be used. In addition, although this method was developed with an HPLC system, an UHPLC system is equally effective; simply adjust the parameters in Step 37 accordingly.
Lyophilizer MaxQuant software suite
We routinely use the MaxQuant software suite (Cox and Mann 2008; Cox et al. 2009 Cox et al. , 2011 Kirchner and Selbach 2012) to process phosphoproteomics data. Alternatively, there are several freely or commercially available software packages (e.g., Mascot, Proteome Discoverer, Scaffold, Trans-Proteomic Pipeline).
Orbital shaker PEEK MicroCross (Upchurch P-889) pH indicator strips PicoTip nano-emitter, fused silica (pulled, 20-cm; 360-µm OD × 75-µm ID; 8-µm tip ID 1. Dissolve the protein sample in denaturation buffer at room temperature to a final concentration of 2-5 mg/mL.
Do not heat samples in the presence of urea; high concentrations of urea will lead to carbamylation of free amino groups.
2. Add reduction buffer to a final concentration of 1 mM DTT. Incubate with mild shaking for 1 h at room temperature.
3. Add alkylation buffer to a final concentration of 5.5 mM IAA. Incubate with mild shaking for 1 h at room temperature in the dark.
4.
Check the pH of the sample using a pH indicator strip and adjust to 8.0 if necessary using a very small volume of 1 M Tris-HCl (pH 8.0). ii. If samples are only labeled with lysine, add another 1 µg of lysyl endopeptidase LysC per 100 µg of protein instead of trypsin.
8. Check the pH of the sample and adjust to 8.0 if necessary. Incubate overnight (~18 h) with mild shaking at room temperature.
Sample pH may change after digestion is completed, and/or after trypsin has been added, as trypsin is stored in acidic conditions.
9.
To measure the protein digest directly (proteome measurement) using liquid chromatographytandem mass spectrometry (LC-MS/MS), proceed to liquid chromatography (Step 33). Otherwise, proceed to SCX chromatography (Step 10) followed by TiO 2 chromatography (Step 15).
Performing SCX Chromatography
Most of our published work includes SCX as a prefractionation step in phosphoproteomic sample preparation. However, recent protocols either avoid this step (Soufi et al. 2015) or use alternative peptide fractionation methods, such as high-pH reversed-phase chromatography (Batth et al. 2014) . If you are applying an alternative prefractionation protocol, proceed to Step 15 for TiO 2 enrichment of peptide fractions.
10. Quench the digestion reaction by adding TFA to a final concentration of 0.1% (vol/vol). Incubate for 10 min at room temperature with shaking. Check that the pH is <2.7; if necessary, add more TFA, keeping the concentration as low as possible.
Usually a maximum of 0.3% TFA is required.
11. Centrifuge the sample for 5 min at 3000g to remove precipitate. Transfer the supernatant to a new tube and discard the precipitate.
The precipitate contains mainly urea.
12. Load the protein digest onto an equilibrated SCX column with SCX solvent A at a flow rate of 1 mL/min. 13. Collect the FT for TiO 2 chromatography.
Collection and subsequent phosphopeptide enrichment and analysis of the FT is particularly important, because multiply-phosphorylated phosphorylated peptides will not bind to the SCX column.
14. Elute the bound peptides with a linear gradient of 0%-30% SCX solvent B for 30 min at a flow rate of 1 mL/min. Collect the eluent in 2-mL fractions.
Performing TiO 2 Chromatography
Each SCX fraction, as well as the FT from Step 13, is incubated with separate batches of TiO 2 beads.
15. Desalt the peptides in the FT using reversed-phase Sep-Pak C18 cartridges.
The FT fraction contains a high amount of urea.
Each cartridge has a binding capacity of~18 mg of protein.
16. Lyophilize the FT and each fraction separately.
Drying samples for phosphopeptide enrichment for long periods in the vacuum centrifuge is not recommended. Vacuum centrifuging usually involves an increase in temperature, which could affect some labile phosphorylation events. In addition, drying to completeness usually leads to low recovery of (phospho) peptides from the walls of centrifuge tubes.
Dried peptides can be stored for several weeks at −80˚C.
17. Redissolve the FT in 10 mL of TiO 2 loading solution. Redissolve the fractions in 2 mL of TiO 2 loading solution.
Alternatively, the fractions can be adjusted to a final concentration of 80% ACN and 6% TFA by adding ACN and TFA directly to the FT and the fractions. Note that the fractions (not the FT) contain 30% ACN, so a final concentration of 80% ACN and 6% TFA can be achieved by adding 7400 µL of ACN and 600 µL of TFA per fraction for a final volume of 10 mL. The FT has no ACN, and the amount of ACN required must be calculated depending on the FT volume.
18. Prepare TiO 2 beads. i. In a dedicated tube, weigh out 5 mg of TiO 2 beads per sample for each round of enrichment.
We recommend performing five successive rounds of enrichment of the FT and three of the first five SCX fractions. These fractions usually contain the highest amount of phosphopeptides, and performing serial enrichment of these samples will increase the amount of phosphopeptides identified.
ii. Wash the TiO 2 beads by adding 50 µL of washing solution per 5 mg of TiO 2 beads.
iii. Centrifuge the beads at 10000g for 2 min and discard the supernatant.
iv. Resuspend the beads in 50 µL of washing solution per 5 mg of TiO 2 beads.
19. Add 50 µL of TiO 2 beads in washing solution into each sample.
20.
Mix the samples for 30 min at room temperature using an orbital shaker.
21.
Centrifuge the samples at 10,000g for 2 min, and then remove and keep the supernatant.
For successive rounds of enrichment, repeat Steps 19-21 with the supernatant as required.
Each successive round of enrichment will generate a new bead sample and should be treated and measured separately.
29.
Dry the eluates to a final volume of 100 µL in a vacuum centrifuge.
30.
Add formic acid to a final concentration of 1%.
Check that the pH is <2.7.
At this point, samples can be further dried to a final volume of 5 µL and measured directly, which may rescue very hydrophilic phosphopeptides.
32. Desalt the peptides by loading them onto a C18 microcolumn as described previously (Rappsilber et al. 2007 ).
Performing Liquid Chromatography
33. Pack the PicoTip nano-emitter with 15 cm of reversed-phase C18 with methanol at a constant helium pressure of 80 bar using a pressure injection cell.
Alternatively, prepacked columns can be used.
34. Set the system with a liquid junction, with no precolumn and no split, by connecting the column (packed emitter) to a PEEK MicroCross. Attach to the MicroCross the "waste in" and "column out" lines as well as a platinum electrode to supply the spray voltage.
For a more detailed protocol please refer to Schieltz et al. (2006) . MS, mass spectrometry; MS/MS, tandem mass spectrometry; HCD, higher-energy collisional dissociation: CID, collision-induced dissociation; m/z, mass-to-charge ratio, where m is the mass and z is the number of elementary charges.
35. Elute the samples from the C8 microcolumn with 50 µL of HPLC solvent B and dry in the vacuum centrifuge to a final volume of 5 µL. (If a sample is <5 µL, adjust the volume with HPLC solvent A.) Do not let the samples dry and do not use temperature while drying.
36. Add 1 µL of HPLC loading solvent to each sample.
37.
Load 5 µL of a phosphopeptide sample onto the packed PicoTip nano-emitter at a fixed flow rate of 0.7 µL/min, limiting pressure to 280 bar using the Intelliflow option.
38. Equilibrate the analytical column with HPLC solvent A.
39. Elute the peptides using a 120-min linear gradient from 5%-30% HPLC solvent B at a flow of 200 nL/min.
40. Wash out hydrophobic peptides by linearly increasing the concentration of HPLC solvent B to 50% over 10 min.
41. Wash the column with 90% HPLC solvent B for 5 min.
42. Equilibrate the column with 5% HPLC solvent B before next sample is measured.
Performing Mass Spectrometry and Data Processing
43. Operate the mass spectrometer using data-dependent acquisition mode.
In this mode, a defined number of precursor ions from the survey scan or full MS are selected for further MS/ MS analysis.
44. Analyze the samples using the parameters described in Table 1 .
Two data-dependent methods are presented in Table 1 . For high-accuracy and full mass range measurements of fragment ions, the HCD method is recommended. The CID MSA method yields fast-scanning and high-sensitivity but low-resolution measurements of fragment ions. We prefer using the HCD method, which usually yields better spectra for modified peptides and facilitates localization of phosphorylation sites due to high accuracy. On some newer instruments, such as the Orbitrap Q-Exactive series, this is also the only available fragmentation method. We recommend use of the CID method in older versions of the Orbitrap instruments (e.g., Orbitrap Classic and Orbitrap XL), because HCD sequencing is considerably slower than CID in these instruments.
RECIPES
Alkylation Buffer (with IAA)
Prepare 550 mM iodoacetamide (IAA) in 50 mM ammonium bicarbonate using highpurity, deionized H 2 O (i.e., Milli-Q). Store frozen at −20˚C. Combine the reagents listed above in high purity, deionized H 2 O (i.e., Milli-Q). Store up to 4 wk at room temperature.
Reduction Buffer (with DTT)
Prepare 1 M dithiothreitol (DTT) in 50 mM ammonium bicarbonate using high-purity, deionized H 2 O (Milli-Q). Store frozen at −20˚C.
SCX Solvent A 5 mM potassium dihydrogen phosphate 30% acetonitrile (ACN)
Combine the reagents listed above in high-purity, deionized H 2 O (i.e., Milli-Q). Acidify with trifluoroacetic acid (TFA) to pH 2.7. Store up to 4 wk at room temperature.
SCX Solvent B
5 mM potassium dihydrogen phosphate 30% acetonitrile (ACN) 350 mM potassium chloride
TiO 2 Loading Solution
80% acetonitrile (ACN) 6% trifluoroacetic acid (TFA)
Immediately before use, combine the reagents listed above in high-purity, deionized H 2 O (i.e., Milli-Q).
Washing Solution for TiO 2 Beads
80% acetonitrile (ACN) 0.1% trifluoroacetic acid (TFA)
